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Three different aspects of light diffracted from
striated muscle fibers were considered. Firstly, a
numerical method for calculating the diffraction intensity
was developed. Secondly, small movements of the
diffraction fine structures after the muscle fiber was
stimulated to undergo an isometric contraction were
measured. These movements indicate the phenomenon of
latency elongation of the muscle fiber. The third aspect
concerned circular dichroism of light diffracted from the
muscle fibers. It was found that the circular dichroism
was small and was independent of sarcomere length of the
muscle fiber.
6Preface
The thesis reseach covers three different aspects
of light diffracted from skeletal muscle fibres. Each
aspect is described in one chapter. The thesis consists of
four Chapters. in Chapter I, the general knowledge of
striated muscle and the aim of the thesis are presented.
Chapter II discusses theoretical intensity of light
diffracted from skeletal muscle fibers. In Chapter III,
the measurement of latency relaxation and-.elongation of
the muscle fiber with the light diffraction method is
developed. In the last Chapter, *the method of high-
frequency polarization modulation is employed to measure
optical circular dichroism of resting muscle fibers.
The author would like to acknowledge the constructive




1 General Knowledge of Striated Muscle
1.1 Structure
Muscles are essentially molecular machines for
converting chemical energy into coordinated motion of the
organism. There are three main types of muscle in
vertebates-- striated, cardiac and smooth muscle. Because
of its structural regularity and easy preparation, most
investigations of muscle have dealt with the striated
muscle.
Because the striated muscle cells are so long and
narrow (Fig. 1.1b), they are always refer to as muscle
fiber. The striated muscle (Fig. l.la) is made up of many
thousand fibers or muscle cells.
A single fiber is built up of numerous myofibrils
(Fig. l.lc) embedded in a semi-fluid substance, the
sarcoplasm. When observed by means. of microscope,
myofibrils appear to be cross striated which gave the name
of this type of muscle.
The cross striations which appear in myofibrils are
due to alternating light and dark bands. The dark bands
are called anisotropic or A-bands, whereas the light bands
are called isotropic or I-bands. The central region of A
band,, termed the H-zone, is less dense than the rest of
the band. A dark M-line is formed in the middle of the H-
2zone. The I-band is crossed by a thin, dense Z-line, which
appears as a membrance dividing the myofibrils
transversely into smaller units. These functional units,
called sarcomeres (Fig. l.ld), repeat about every 2.3 um.
The structure of a sarcomere is revealed by electron
micrographs of cross sections of a myofibril, which show
that there are two kinds of interacting protein filaments
-- thick filament and thin filament. In fact A-band is the
thin filaments and I-band is the overlapping of thick and
thin filament (Fig. 1.1e).
The thick filament is mainly made up of myosin
molecules. Electron micrographs show that myosin consists
of a double-headed globular region joined to a very long
rod (Fig. 1.2). Myosin can be enzymatically split into two
kinds of fragments, Light meromyosin--LMM and Heavy
meromyosin--HMM (Fig. 1.3). The organization of myosin
molecules in the thick filament has been elucidated by
Hugh Huxley through studies of intact filament dissociated
from muscle and of synthetic filaments formed from
purified myosin molecules. A dissociated thick filament
has a diameter of 160A and a length of 1.5 gym. Cross-
bridges emerge from this filament in a regular helical
array, except for a 1500A 1 bare region midway along its
length. Comparing with the result in synthetic filament,
the conclusion is that the cross-bridge arise from the HMM
portion of myosin, whereas the LMM unit of myosin forms





(e) Thin and-Thick FilamentS.
Fig. 1.1 Schematic diagram of the skeletal muscle




Fig. 1.3 Enzymatic cleavage of myosin.
5The thin filament in the sarcomere consists of two
strands of actin, a gobular shape protein, twisted
together in a helical pattern, each strand has 13 actin
units per revolution of the helix. There are two other
protein found in thin filament. Tropomyosin which fills
the hollows in the double-stranded helix and Troponin
which incoporates in the thin filament at interval about
0.04 um (Fig. 1.4).
1.2 Sliding- Filament Model
Before about 1953, a multitude of contraction
theories had been proposed. The early theories based on
the available data mainly used the idea that muscle, when
activiated, behaved like a stretched spring (Weber, 1846
fig. 1.5a). This basic idea was refined by the
introduction of damping of the spring by viscous force
(fig. 1.5b) and by adding a series elastic component (fig.
1.5c). In the 1953, two groups of investigators, H.E.
Huxley A.F. Huxley, independently proposed a sliding'
filament model on the basis of x-ray light-microscopic,
and electron microscopic studies. The essential feature of
this model is that the shortening of muscle fiber might
result from the sliding of the thin filament along the
thick filament (Fig. 1. 6). This model is supported by
measurements of the lengths of A- and I-bands and the H-




Fig. 1.4 organization of a thin..filament.
7(A) (B) (C)
Simple spring Damping spring Damping spring plus
series elastic element
Fig. 1.5 Various mechanical models for the behavior of muscle.







Fig. 1.6 sliding filament model of skeletal muscle The thin and
thick filaments slide past each other in contraction.
91.3 Force generation in muscle contraction
A number of alternative theories of force generation
have been proposed, but one theory in particular has
gained wide acceptance. This view of the nature of the
force-generating mechanism were originally based on
variety of observations and these are summarized below:
(1) Electron micrograph of longitudinal section of
striated muscle shown that there are projections on
the surface of the thick myosin-containing filament
in the A-band. These occur everywhere except in a
short region in the middle of the filament (H.E.
Huxley, 1957).
(2) The myosin projections tend to form cross links (or
cross bridges) to the thin actin-containing filaments
in certain types of muscle preparations (H.E. Huxley
1957).
(3) The isometric (contraction without changing the
sarcomere length) tension correlated satisfactorily
with the amount of overlap that occurred between the
actin and myosin filaments. The graph of the
isometric tension (T) as a function of the sarcomere
length (S) is shown on fig. 1.7a. This form of the
curve was determined initially by Ramsey Street
(1940). It was repeated with considerably greatly
accuracy by Gordon et.al. (1966). Very little tension
occurred at sarcomere length about 3.6 um where no













Fig. 1.7 The alteaton of tension as a function of sarcomere
length (a) and interpretation in terms of the
chang ing ovelap of thick and thick filaments (b).
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1.7b). The tension then increased linearly to a
maximum values as the sarcomere length was reduced
down to about 2.1 um. At this point, the actin
filaments had been drawn into the A-band right up to
the edge of the zone of the myosin filaments. The
tension developed in each contraction then remained
the same as the bare zone was transversed by the
actin filaments and then decreased again below a
sarcomere length about 2.0 um where the actin
filament in the two halves of the sarcomere began
overlap and interfere each other. A further reduction
in tension occurred when myosin filaments came up
against the Z-line at about 1.6 um.
All of those observations were clearly consistent with
the idea that the projections on the myosin filaments are
involved in the generation of the force and they act
independently of each other. An increasing amount of
filament overlap would then correspond to the interaction
with actin of an increasing number of cross bridges and
hence to a greater tension. However,• how the chemical
energy converted into mechanical force remains one of the
major unsolved problems in biophysics.
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2 Aim of the Thesis
The light diffraction method is widely used in
monitoring the sarcomere length of a muscle fiber because
the fiber acts like a plane diffraction grating. A
theoretical analysis of the diffraction from the muscle
fiber should be done to evaluate how reliable is the
grating model. The analysis would require numerical
methods. In the first part of the thesis, Chapter Ii, the
numerical calculation of the diffraction from a striated
muscle fiber is carried out. By the help of computer., the
location and size of the sarcomeres inside the fiber are
firstly generated, and then the diffraction intensity is
calculated by summing the intensities diffracted from each
sarcomeres.
The latency elongation and relaxation are believed to
have a close relation to the movement of calcium ions
inside the muscle before the contraction. However, the
amount of elongation is so small that makes the study of
this quantity .difficult. The elongation had once been
measured by p. Haugen and 0. Sten-Kundsen in 1976. The
measurement was based on the movement of the diffraction
line from the fiber. But the uncertainty in the location
of the diffraction line would introduce great inaccuracy
in the result. A part of research is to develop a better
and simpler method to measure the latency elongation. The
new method takes advantage of the well-defined fine
structures with a diffraction order. In Chapter III, this
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new method allows a simpler measurement of the latency
elongation.
The internal structures of the muscle fiber will
change during the contraction. It is recognized that the
circular dichroism is sensitive to structural changes in
solids and biological molecules. Using the circular
dichroism to monitor structural changes of the muscle may
provide some insight to muscular contraction at the
molecular level. In the final Chapter, the method of




Numerical Calculation of the Diffraction of striated
Muscle
2.1 Introduction
As discussed in chapter 1, because of the regular
arrangement of sarcomeres within the fiber, the skeletal
muscle fiber can be approximated as a light diffraction
grating. This makes the light diffraction a convenient way
to monitor sarcomere length of the muscle preparation.
Since the muscle fiber is a three-dimensional object, the
application detailed analysis of the diffraction from the
muscle fiber is necessary to provide theoretical support
to the use of the plane grating equation. This analysis
would require numerical methods.
Fine structures within each diffraction order can be
seen when the diffraction from the fiber is allowed to
project on a distant screen. Recently, there have been
attempts to understand the origin of these structures and
to relate each fine structure to the diffraction from a
specific group of sarcomeres within the muscle fiber (Judy
et al., 1982 Leung, 1982 Leung, 1983a Leung, 1984
Sundell et al., 1986). The existance of the correspondence
between the diffraction fine structure and a specific
group of sarcomeres would increase the usefulness of the
light diffraction method in investigating the internal
structures of muscle fibers. However, there is also
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experimental evidence which suggests that each fine
structure might not be due to the diffraction from a
domain of sarcomeres (Leung, 1984 Brenner, 1985).
Consequently, the exact nature of the diffraction fine
structure is unclear. Theoretical constructions of the
diffraction pattern using numerical methods might provide
some insight to the nature of the fine structure.
Thus far, the theoretical understanding of the
diffraction pattern from skeletal muscle fibers has been
based on idealized sarcomere arrays. Without these
idealized arrays the theoretical construction of the
diffraction pattern requires numerical methods. The aim of
this report is to extend the numerical method developed
previously and to construct theoretical diffraction
patterns under various conditions and then compare them to
the experimental results published elsewhere.
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2.2 Mathematical Model
Materials inside skeletal muscle fiber can be
classified into two groups of light scatterers. The
scatterers of the first group have nearly identical
structures and are arranged orderly. These are the
sarcomeres. Light scattered from the sarcomeres would be
directional and would contribute significantly to the
diffraction pattern. The scatterers of the second group
gave irregular structures and positions in the fiber. They
are mainly.the sarcoplasmic reticulum, tubule network and
mitochondria. Light scattered from these components would
not be directional. It would only provide a weak
background radiation in which the diffraction from the
sarcomeres is superimposed. Figure 2.1 shows a typical
diffraction pattern of a laser beam illuminating a
skeletal muscle fiber. The on-order diffraction intensity
is usually many times stronger than the off-order or
background intensity. When the fiber is stretched, -the
diffraction line spacing becomes smaller. It can be easily
demonstrated that the line separation is related to the
sarcomere length of the fiber by the grating equation. It
appears that the diffraction pattern is primarily due to
scattering by the sarcomeres. Consequently, as a light
diffraction system the muscler fiber approximates an
three-dimensional array of sarcomeres.
The muscle fiber is a heterogeneous medium and
therefore is an optically anisotropic system. Light
Fig. 2.1 Diffraction pattern from a skeletal muscle fiber illuminated
by a laser at normal incidence.
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scattering from the fiber would depend on the optical
properties and relative positions of the heterogeneous
components. The characteristics of the heterogeneous
components have not been determined precisely. Any
theoretical attempt to understand the diffraction pattern
of skeletal muscle fiber would require some assumptions
about the optical properties of the fiber. One assumption
is that the light scattering process approaches the low
contrast limit where single scattering process is
relevant. This assumption would hold because the relative
refractive indices of the major proteins within. the
sarcomere are close to unity (Huxley and Niedergerke,
1958). Furthermore, it implies that the diffraction from
the fiber approximates the Fourier transform of the
sarcomere array. in this chapter, the Fourier formalism
developed earlier (Leung, 1982a) is extended and used to
construct the theoretical Fraunhofer diffraction pattern.
The theoretical calculations are then compared to the
general features observed in the diffraction patterns of
skeletal muscle fibers.
The diffraction intensity of the.muscle fiber is
assumed to be directly related to the Fourier transform of
the sarcomeres. A Cartesian coordinate system is defined
such that the muscle fiber lies on the z-axis. A laser
beam travels on the y-z plane. The origin of the
coordinate system is located at the illuminated section of
the muscle fiber. Then, the intensity of- the diffraction
projected on a large spherical screen can be expressed as
19
exp 2.1
where C is a constant, N is the number of sarcomeres in
the illuminated volume; and are the polar and
azimuthal angles of the diffraction from the fiber; Un and
are the structural factor and position of the uth
sarcomere, respectively; and the reciprocal space
vector, The sarcomeres are assumed to be cylindrical
(Leung et al., 1983, Leung, 1983b). amd can be expressed
in cylindrical coordinates: and
The proposed model indicates that the diffraction
intensit of a skeletal muscle fiber corresponds to the
Fourier transform of the illuminated sarcomere array. In
the construction of the theoretical diffraction pattern,
the sarcomere array or the theoretical muscle fiber can be
generated numerically according to the current knowledge
about the characteristics of the sarcomeres in living
skeletal muscle fibers. After the sarcomere array is
specified, eq. 2.1 yields the diffraction intensity.
The light source for most diffraction experiments on
muscle fibers is a laser. The normal laser beam usually
illuminates only a small (l mm) section of a skeletal
muscle fiber. The fiber contains about 2,500 myofibrils.
At a sarcomere length of 2.5 um the illuminated volume
would contain approdximately a million sarcomres.
Therefore each theoretical intensity at a point
requires a large amount of calculations. Further
assuptions on the sarcomere array are made to simplify
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the calculation. Micrographs (for example, Sundell et al.,
1986) show that within a small section of the fiber the
sarcomeres are very uniform and have nearly identical
shapes and lengths. Since each myofibril is a series of
contiguous sarcomeres, sections of myofibrils in the
illuminated volume can be assumed to be identical. In this
case,,' the diffraction intensity still follows eq. 2.1
where Un and rn now represent the structural factor and
position of the nth myofibrillar section in the
illuminated volume, and N the number of myofibrils. The
further assumption suggests. that the diffraction intensity
would be directly related to the scattering from
myofibrils instead of sarcomeres. if the myofibrils are
identical, the myofibrillar structural factor would be
independent on the position of the myofibril within the
muscle fiber. Then,
(2.2)
where M(o, 4) is the structural factor of the myofibril,
rn the position of the.nth myofibril, and N the number of
myofibrils.
The structural factor of the myofibril can be
calculated by summing the diffracted- waves from the
illuminated sarcomeres belonging to the myofibril that
lies on the z-axis. The center of the first sarcomere of
this myofibril can be chosen to be at the origin of the x-
y-z coordinate system. The central position of the nth
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sarcomere is located at as shown
in Fig. 2.2 Then , the phase difference between the
Fraunhofe diffraction waves from the first and nth
sarcomeres is It follows that the total
diffracted waves from the illuminated sarcomeres or the
structural factor of the myofibril is
2.3
where U is the diffraction structral factor of the
sarcomere, sj is the length of the jth sarcomere, and L is
total number of sarcomeres of each myofibril illuminated,
The sarcomere structure can be calculated by
summing the light aves scattered from the whole
sarcomere. It is assumed that the sarcomere is cylindrical
and its scattering density possesses axial symmetry.
Futhermore, the scattering is predominantly due to the
thick and thin filaments in the sarcomere. The structure
factor is calculated to be (Leung, 1982a)
2.4
Rn and Sn are the radius and lendth of the sarcomere; fr
and a are the scattering density and lendth of thin
filaments; and FA and b are the scattering density and
lendth of the thick filaments. The ratio is taken to
Fig. 2.2 Distances detween sarcomeres of the same myofibeil,s
represents sarcomere length of the nth sarcomere.
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be 3 ( Huxley and Hanson, 1957 ) . The filament lengpths a =
1.0 um and b= 1.6 i,/
The x-y-z coordinate system is used to define the
reciprocal space coordinates : and In this
coordinate system, the incident laser beam and the normal
of the mucle fiber are chosen to lie on the Y-Z plane as
shown in Fig. 2.3. The muscle fibe is on the z-axis. The
incident angle of the laser beam is measured from the
direction of the normal incidence. The polar angle of
the diffraction of the laser is defined to be the angle
between the plane normal to the incident laser beam and
the diffraction wavevector According to Fig. 2.3,
the incident wavevector is Cosw, SinW and
the diffraction wavevector is sin cos
sin sin cos Where is the magnitude
of incident and diffraction wavevector The origin of the
reciprocal space is taken to be the end of The
reciprocal space vector, is the vector which
start from the origin of the recoprocal space to the end
of From the equation, and
the reciprocal coordinates can be obtained. These
coordinates are
Cos Sin 2.5





If the myofibril has periodic structures woth periodicity
S along its length or the z-axis,n= 2n7r/ S. The
.diffraction shown in Fig. 2.3 is the left diffraction. In
general, n which is the diffraction order is positive for
the right diffraction. With this convention,
ko{ Sin to- cos (0- W)}= 2nTT/ S (4.8)
which is the plane grating equation for oblique incidence.
Equation (2.8) is same as the one derived by Leung (1982b)
using the Ewald formalism since and 0n of Leung
(1982b) is equal to W and( 0- 900) respectively. When
the incident laser beam is below the y-axis, W is
positive. Otherwise, W is negative.
The proposed model relates the diffraction intensity
to the Fourier transform of the myofibril array according
to eq. 2.2. The diffracting myofibrillar array or the
throretical fiber can be simulated by numerical methods.
Once the theoretical fiber is constructed, eqs. 2.2- 2.8
provide the diffraction intensity.
Fig. 2.3 Relation between the reciprocal coordinates and the
diffraction angles and x', y', and z' are pararllel to
x, y, and z, repectively. The x'-y' plane is situated at a
distance of k sin about the x-y plane. The projection of
reciprocal space vector on the x'-y' plane is It is
shown as the dotted line. The angle between the dotted line




2.3.1 Construction of the Theoretical Fiber
The construction of the muscle fiber as a light
diffraction system starts with the formation of the
myofibril. The number of sarcomeres in each myofibril
illuminated by a laser beam is equal to the beam diameter
divided by the average sarcomere lengh S. The beam
diameter is taken to be 1 mm. For most experiments on
skeletal muscle fibers, S varies betweem 2 um amd 4 um.
Therefore, the maximum number of sarcomeres in each
myofibril illuminated by the laser beam of 1 mm diameter
is 500. In the construction of the theoretical myofibril a
Gaussian distibution {d} with a population greater than
500, a mean zero and a standard deviation 6s is generated
by a subroutine. Then, the sarcomere length distribution
is {S}= S+ {d}. The myofibril is constructed by
connecting sarcomeres whose lengths are taken from the
numerically generated distribution {S}. In most
diffraction intensity measurements, the detector is
situated near the meridional plane, the plane which
contains the length of the fiber and the incident laser
beam. In this case, the diffraction intensity would be
insensitive to any small dispersion in the diameters of
the myofibrils. Therefore, the radius (R) of all the
sarcomeres is assumed to be the same. Consequently, the
whole theoretical myofibril has uniform radius.
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it is visualized that the theoretical fiber contains
about 1,000 myofibrils and all the myofibrils are parallel
to the z-axis. The center of the first sarcomere of each
myofibril is chosen to lie on the x-y plane. Furthermore,
the centers of all the first sarcomeres form a hexagonal
system on the x-y plane. In this configuration, the
myofibrils are in perfect register. The positions of the
myofibrils are defined by the locations of the first
sarcomeres. According to the x-y-z coordinate system, the
location of the first sarcomere of the nth myofibril is
represented by (Xn, Yn, 0) where Xn and Yn are the
components of a hexagonal lattice point lying on the x-y
plane.
A small degree of randomness is introduced to the
perfectly aligned hexagonal myofibril array to simulate a
real fiber (Fig. 2.4). The small fluctuation is added to
the well aligned myofibril array so that the myofibril
position becomes (Xn+dx, Yn+dy. dz) where dx' dy and dz
are numbers belonging to different' Gaussian distributions
with mean zero and standard deviations Qx, Qy and Qz,
respectively.
The theoretical muscle fiber is visualized to make up
of M number of parallel and identical myofibrils. Each
myofibril is consisted of a series of sarcomeres of equal
diameter but different lengths. The myofibrillar packing
is nearly hexagonal. The deviation from the hexagonal
packing is expressed by dx and dy. The myofibrillar
register is not perfect. The amount of myofibrillar
28
Fig. 2.4 Fluctuations in the myofibril positions. The dots show the
initial positions of the myofibrils at the ideal hexagonal
lattice points. Each.myofibril is then shifted by dx in the x-
direction and o y in y-direction. dx and dy are numbers belonging
to two different Gaussian distributions with zero mean and
standard deviations are Qx and QY respectively.
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misalignment is determined by dZ.
A real fiber decreases its diameter when it is
stretched. During stretch the volume of the fiber remains
nearly constant. There is evidence that during passive
stretch and shortening the volume of the myofibril stays
the same also (Huxley, 1953 Elliott et al., 1963; Leung
et al., 1983). From the values reported on living muscle
fibers (Leung et al. 1983) R2S= 1.11 (um3). This
relationship between R and S is used when calculating the
intensity for different S. When the fiber changes its
length, the spacing of the myofibrils also changes. It is
assumed that the fluctuation parameters, dX and dy are
inversely proportional to S. In addition, dZ the parameter
which describes the myofibrillar misalignment is
proportional to S.
2.3.2 Diffraction Intensity of the Theoretical Fiber
The Fraunhofer diffraction intensity of the
theoretical fiber is equal to the product of the myofibril
structural factor and the interference of the myofibrils
(eq. 2.2). The structural factor can be calculated
according to eqs. 2.3 and 2.4. The optical interference
among the myofibrils which is described by the summation
of eq. 2.2 depends on q.rn, and
(2.9)
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Once the theoretical fiber is constructed, is known.
Then, the optical interference among the myofibrils can be
determined.
The flowchart for the intensity calculation is shown
in Fig. 2.5 calculation begins with the
specificatios of the theoretical muscle fiber. Then,
and are entered. The reciprocal coordinates
and are determined. Eqs. 2.3 and 2.4 provide M
Eq. 2.9 gives the relationship between the light waves
scattered from the myofibrils. Finally, the product of the
myofibril structural factor M and the optical
interference among the myofibrils yields the diffraction
intensity at and
The intensity of the nth diffraction order is equal
to In general, is non-zero
only within a small interval of This interval is
where is the polar angle determined by the
grating equation, eq. 2.8 It is found that the variation
of I1 with parameters
and is
insensitive to
Therefore, for all I1 calculation













Fig. 2.5 Flowchart for the intensity calculation.
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2.4 Results
The difffraction intensity I varies with
parameters and is the average
sarcomere length and the standard deviation of the
sarcomere length distribution and are the
standard deviations of the x-, y- and z-displacments of
the myofibrils away from an aligned hexagonal packing. Ko
is the magnitude of the wavevector of the incident laser
beam and is equal to divided by the wavelength
Finally, is the incident angle of the laser beam measured
from normal incidence.
2.4.1 Intensity Variation with
The diffraction profile moves along the -axis and
remains nearly identical for a small change in The
movement of its centroid obeys the plane grating equation,
eq. 2.8 For a larger change in the profile becomes
variable as shown in Fig. 2.6.
2.4.2 Intensity variation with
The diffraction pattern becomes more complex as
increases with other parameters held constant. patterns
associated with various are shown in Fig. 2.7. For
small the diffraction pattern has one prominent peak






Fig. 2.6 Diffraction patterns associated with three
different The arrow indicates the diffraction




Fig. 2.7 Diffraction patterns associated with two different
For
the solid line 0.025 um and for the dotted line 0.075
um. The intensity associated with .075 um has been scale
up by 3.6 times. The everage sarcomere length (s) of the
theoretical fiber is 2.5 um.
35
diffraction polar angle of the the prominent agrees
exactly with the prediction by the plane grating equation.
As increases, the angular positions of the diffraction
peaks remain nearly stationary but the amplitudes vary.
The intensity of the central prominent peak decreases
while the intensities of the peripheral peaks become
stronger. This intensity variation provides the notion
that the diffraction pattern contains many peaks or fine
structures. In general, as s increases intensity
decreases and the diffraction profile broadens and
contains many fine structures of similar intensity.
However, the cen tr iod of the intensity distribution
remains nearly constant.
The standard deviation of the intensity distribution
or the linewid th of the intensity spectrum is evaluated.
For a theoretical fiber whose myofibril packing is fixed
the variation of linewidth with s is shown in Fig. 2.8.
it indicates that linewidth increases smoothly and
linearly with sarcomere length dispersion. In other
calculations, a new theoretical fiber is constructed for
each increment of s However, the x, y, and z of
the new fiber are the same as those of the previous fiber.
In essence, the new fiber has a different myofibrillar
packing. The variation of linewidth with s for these
fibers are shown in Fig. 2.9. This variation also suggests
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Fig. 2.9 Variation of diffraction linewidth with sarcomere length
dispersion. A new theoretical fiber is constructed after





2.4.3 Intensity Variation with ko
Diffraction intensity increases with k0. As k 0
varies, the profile of the diffraction pattern stays the
nearly identical and shifts along the -axis as shown in
Fig. 2.10. The centroid of the intensity profile is
determined. Figure 2.11 shows a linear relationship
between Cosec and 1/k0. The straight line shown in Fig.
2.11 is the prediction of the plane grating equation, eq.
2.8.
2.4.4 Intensity Variation with
The diffraction pattern. preserves its shape. when
W varies between ±15°. The total intensity of the
pattern and angular positions of the peaks become
variable, The centroid of the intensity distribution moves
according to the plane grating equation for oblique
incidence, eq. 2.8. The total intensity of the pattern
varies with W. A typical intensity variation is shown in
Fig. 2.12a and b. The intensity profile for the left or
right diffraction shows a prominent peak when z is small
but exhibits several peaks for a larger . The
z
intensities of the left and right diffractions are usually





Fig. 2.10 Diffraction patterns of a theoretical fiber illuminated
by a light beam with wavevectors k of (A) 9.929 um and
(B) 12.875 um s= 2.5 um, 0.04 um
0.03um, o. The arrows indicates the diffraction







Fig. 2.11 Linear relationship between cosOO and 1/ko represents the centroid of the
diffraction pattern in terms of the diffraction polar angle. The dots
illustrate the values of cosO calculated from the diffraction patttern of a
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Fig. 2.12 (A) Diffraction intensity at different incident angle W.
The circles represent the right diffraction and the dots
the left diffraction of the first order. S = 2.5 um, 6s =
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Fig. 2.12 (B) Diffraction intensity at different incident angle .
The circles represent the right diffraction and the dots
the left diffraction of the first order. S= 2.5 um, 6s=






There is evidence.(Tameyasu et al., 1982; Leung,
1983 Sundel et al., 1986) that the myofibril might
contain sections where the sarcomeres have nearly
identical lengths. To investigate the diffraction from a
fiber containing this type of myofibrils, the theoretical
myofibril is constructed accordingly. The diffracting
section of each theoretical myofibril is divided into
smaller sections and within each section the sarcomeres
are chosen to have identical length. In this case, the
theoretical fiber contains large volumes or domains where
the sarcomeres have the same length.
For the first example, the illuminated section of
each theoretical myofibril contains 400 sarcomeres. The
first 280 sarcomeres (70%) have a length of 2.4 um and the
rest (30%) have a length of 2.6 um. Then, the fiber is
constructed with myofibrils having this feature according
to the procedure described in Section 2.3. The diffraction
volume of the fiber would have two domains of sarcomere
lengths 2.4 um and 2.6 um. The 2.4 um domain would occupy
70%, while the 2.6 um domain 30% of the illuminated
volume. This fiber is defined as the (70%/30%) fiber for
simplicity. The diffraction profile of the fiber is shown
in Fig. 2.13a. The profile can be divided into two
portions. The intensity between these two portion is low.
The intensity centroids of these portions lie close to the
diffraction angles predicted by the plane grating equation
44
where the grating constants are 2.4 um and 2.6 um. The
diffraction profiles of the (50%/50%) and (30%/70%) fibers
are shown in Fig. 2.13b and c. Although the diffraction
peaks are still located near the prediction of the plane
grating equation, the diffraction profiles are different
from that of the (70%/30%) fiber.
The second example indicates that the theoretical
fiber has three domains. Sarcomeres of the domain have a
length of 2.5 um, those of the second 2.45 um, and those
of the third 2.5 um again. The diffraction profiles of the
(50%/10%/40%) and (10%/70%/20%) fibers are shown in -Fig.
2.14a and b. They can be divided into two portions whose
intensity centroids lie close to the predictions by the
plane grating equation. The angular positions of the four
major peaks associated with the 2.5 um domain remain about
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Fig. 2.13 Diffraction patterns of a theoretical fiber






Diffraction Patterns of a theoretical fiber




The light diffraction patterns. of striatd muscle
fibers have been used to determine average sarcomere
length, sarcomere length dispersion and sacomere
organization. The relationship between the diffraction
pattern and these three features of sarcomeres is based
experimental evidence. It is further supported by the
calculations presented here.
2.5.1 Sarcomere Length
It has long been realized that the angle of
diffraction of an normally incident monochromatic light
beam by a striated muscle fiber varies with the sarcomere
length of the fiber according to the plane gration
equation, koCos0c= 2nTT/ S. For a fixed ko, the calculat-
ions (cf. Fig. 2.6) demonstrate that the average
diffraction polar angle( 0c) changes according to the
plane grating equation. Furthermore, for a given fiber of
fixed sarcomere length S it is found. that Cos 0c is
inversely proportional to ko (Fig. 2.11). The calculations
support the applicability of the plane gration equation
even through the fiber is a three dimensional object.
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2.5.2 Sarcomere Length Dispersion
The appearance of the striations in skeletal muscle
fibers suggests that the sarcomeres have very similar
shapes and in register. Within a small section of the
fiber the lengths of the sarcomeres are uniform.
Sarcomere length dispersion is an important parameter
about the state of the fiber. An increase in dispersion
during muscular activity would imply non-uniform
activation of the sarcomeres. The calculations indicate
that for same fiber the theoretical diffraction linewidth
varies linearly with sarcomere length dispersion (Fig.
2-8). They provide theoretical support to the suggestion
that diffraction linewidth can provide a measure of
sarcomere length dispersion (Kawai and Kuntz, 1973;
Paolini et al., 1976).
2.5.3 Fine Structures
Diffraction patterns of real muscle fibers show
fine structures within each diffraction order (Cleworth
Brenner, 1972; Tameyasu et al., 1982; Leung, 1984;
Brenner, 1985; Sundell et al., 1986). The precise origin
of these fine structures is still unclear. These
structures are probably due to optical interference among
sarcomeres and therefore related to the arrangement of the
sarcomeres within the fiber. At present, there are two
slight different interpretations to the origin of the fine
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structures. one interpretation is that each fine structure
is associated with a domain in the illuminated volume of
the muscle fiber where the sarcomeres have nearly
identical lengths (Tameyasu et al., 1982 Leung, 1983a,
Leung, 1984 Sundell et al., 1986). The second
interpretation is that the fine structures are due to
optical interference between the domains and each fine
structure would not correspond to the diffraction from a
domain (Leung, 1984; Brenner, 1985). According to the
calculations presented here, for a small sarcomere length
dispersion there is little fine structures and the
diffraction profile contains one prominent peak (Fig.
2.7). For a larger dispersion fine structures become more
numerous and have similar intensity. The calculations
indicate that fine structures would be present if the
theoretical fiber has a relatively large sarcomere length
dispersion. The appearance of fine structures does not
requires that the fiber has well-defined domains or large
regions where the sarcomeres have nearly identical
lengths. From these calulations it may be concluded that
the fine structures are due to optical interference of
sarcomeres of different lengths.
To further investigate the origin of the fine
structure theoretical fibers containing two or three
domains are constructed. Each domain is identified by an
average sarcomere length and a length dispersion. The
diffraction patterns of the fibers are shown in Fig. 2.13
and 2.14. The diffraction pattern can be interpreted to be
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the result of the diffraction from individual domains and
the interference betwen the domains. The diffraction angle
of each domains obeys closely to the plane grating
equation. This gives the notion that each domain diffracts
light independently of other domains. However r the
intensity profile of each domain is affected by other
domains. When the difference between the average sarcomere
lengths of the domains is large. The diffraction pattern
would contains groups of peaks which can be identified as
diffractions from individual domains as shown in Fig 2.13.
When the difference is smaller, it is difficult to make
such an identification with great certainty. For example,
the intensity envelop of the diffraction peaks shown in
Fig. 2.14b still shows two group of diffractors. One group
has a grating constant of about 2.45 um, and the other
group 2.5 um. if the average sacomere lengths of the
domains fall within an inerval less than 0.05 um, it would
be difficult to analyze the diffraction pattern according
to the diffractions from individual sarcomere domains.
The theoretical model demonstrates that the fine
structures are primary due to sarcomere length dispersion,
scattering by individual sarcomere domains and domain
interference. If sarcomere length dispersion (2 S /S)
within each domain is less than 3%, the diffraction from
the domain would show only one strong peak. if this is the
case, each diffraction strong peak on the meridional axis
or the -axis would correspond to the diffraction from a
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domain (Fig. 6 of Leung, 1982). The analysis of the
diffraction fine structures in terms of domain scattering
becomes complex when sarcomere length dispersion is
greater than 3%. At this dispersion, the diffraction
pattern of each domain contains several strong peaks whose
amplitudes are affected by the scattering of nearby
domains. In this case, relating the diffraction fine
structure to individual domains would not uncertain,
especially when the domains have similar average sarcomere
lengths.
The calculations indicate that the diffraction
profile of a domain consists of a strong peak when
sarcomere length dispersion of the domain is small.
The pattern of fine structures has been observed to
retain its shape during a change in S, k0, W (Leung,1984).
it is in agreement with the results of the intensity
calculations (cf. Figs. 2.6t 2.12).
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Chapter 3
Measurement of Latency Elongation and Latency Relaxation
of Isolated Muscle Fiber
3.1 Introduction
The main function of muscle is to convert chemical
energy into the translation motion. Muscle will contract
after it is stimulated. When a stimulation is imposed on a
fiber, the depolarization of the fiber membrane is
resulted. Depolarization of the muscle membrane causes'' the
release of calcium ions within the cell, all these diffuse
into the myofibrillar structure, bind to certain
myofibrillar proteins, I and thus activiate the actin and
myosin filament so that contraction can occur. This is
called Excitation-Contraction coupling.
Before the contraction, there exists a particular
period, called latency period. During this period, the
sarcomere length increases and the tension drop. The
lengthening the in sarcomere and the drop in tension are
named latency elongation and latency relaxation,
respectively.
in 1966, Sandow suggested that the latency relaxation
might be due to the sarcoplasm reticulum which releasing
calcium ions to initiate contraction of the muscle. In a
resting fiber, part of resting tension is borne by the
longitudinally oriented elements of the sarcoplasm
reticulum. After the stimulation, the calcium ions are
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released from the terminal cisternae and the tension
bearing ability of sarcoplasm reticulum is decreased,
which then would lead to a drop in resting tension.
The dependence of latency relaxation on sarcomere
length was examined by Louis A. Mulieri in 1972. He found
that the depth of latency relaxation rose linearly to
reach its maximal value as the sarcomere length increased
to 2.83 um. In the range of 2.83 to 3.79 um, the depth was
not change. Beyond 3.79 um, the depth declined linearly to
reach zero. His findngs were shown to fully support the
Sarcoplasm-Reticulum Hypothesis. However, this hypothesis
could not explain why the latency relaxation disappear
when there is no overlap between thin and thick filaments.
When P.Haugen and O.Sten-Knudsen used an optical
diffraction technique to measure the sarcomere lengthening
in the latency period (1976), they found that the latency
elongation existed even the muscle was completely slack.
To explain this striking observation, they suggested that
the forcible lengthening and hence the tension drop came
from the minute lengthening of the. thin filament. Such
lengthening might be the result of the conformational
change in thin filament during the activation. The
activation occurs as the calcium ion is bound to the
tropnin molecules, and thus the proposed lengthening would
proceed along with the diffusion of calcium from Z-line to
the overlap zone.
According to the two hypothesises, the latency
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elongation and relaxation have a close relation to the
movement of calcium ions at the moment before the
contraction of muscle. Thus it is a physical approach to
study the movement of calcium ions during the latency
period by understanding the latency elongation and
relaxation.
Since the amount of elongation and relaxation are very
small. The elongation and relaxation drop to about several
angstroms and micronewtons respectively in 5 milliseconds
(P.Haugen O.Sten-Knudsen 1976). It is difficult. to
measure these two quantities. In this chapter, we will
develop an optical method to measure the latency




3.2.1 Preparation and Mounting of the Fiber
The fibers we used in experiment were isolated from
the dorsal head of semitendinosus muscle of frog (Rana
Tigrina Regulosa). The muscle was mounted in the perspex
trough by two strings which tied the tendons of muscle and
the movable hooks of the trough. The middle portion of the
trough walls were made by clear glass slides. The length
of muscle could be adjusted by the movable hook (Fig 3.1).
After the muscle was mounted, a tiny steel hook was
attached on the string loop on the right end of muscle.
The dissection was carried out at room temperature in a
Ringer's solution of the following composition (grams per
litre) : NaCl 6.73, KC1 0.187, CaCl 0.2, Na2HPO4 0.305,
NaH2PO4 0.102. To avoid the irregularities of sarcomere
length along the fiber, we should remove as much as
possible of the connecting tissue. After the single fiber
was isolated, we installed a tension transducer in the
right end of trough and connect the steel hook to the hook
of transducer. if the dissected fiber showed no opaque
regions which indicated fiber damage after equlibrating 30
minutes, the fiber could be used in experiment.
glass slide
length adjustment
Fig. 3.1 Muscle Chamber
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3.2.2 Stimulation
A single electric pulse with amplitude 10 V and
width 1 ms, derived from a pulse generator (Farnell, model
PG 5222), was delieved to two parallel platinum
electrodes. The seperation of the electrodes was 0.6 cm.
To obtain a maximum synchronicity of activation of the
sarcomeres, the electrodes was placed in parallel to the
fiber such that the fiber and the electrodes were in the
same plane.
3.2.3 Tension Measurement
The latency relaxation was measured by a force
transducer (Mode 405, Cambridge Technology, Inc.
Cambridge, Mass.). The transducer had a compliance of 19
micron/ gm and a frequency response was 0.65 kHz. it
could achieve a maximum sensitivity of 0.5 mg/ cm CR0
deflexion.
3.2.4 Measurement of Sarcomere Length
A monochromatic laser beam from a helium-noen gas
laser (Spectra-Physics model 120 S) was directed normally
to the muscle fiber. The diameter of the laser beam was
about 2 mm. Because of the periodic structure of the
fiber,, the fiber acts as an optical grating with the
sarcomere length as the grating constant. Different orders
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of diffraction line will spread from the fiber. The
diffraction pattern was projected on a clean white wall
(Fig. 3.2).
Accordinq the grating equation:
where S: sarcomere length
: wavelength of laser beam (6328 um)
0: first. order diffraction angle
Form Fig. 3.3,
where d: the distance between the zeroth and
first order diffraction line.




By measuring the distance d, the sarcomere length of
the fiber could be determined by the equation (3.2). The
sarcomere lengths for the different d were calculated and
marked on the appropriate position of the wall. When the
diffraction pattern was established, the sarcomere length
of illuminated fiber was manifested by the calibrated






Fig. 3.2 Experiment set-up
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3.2.5 Measurement of Latency Elongation
From the previous section, the relationship between
the sarcomere length and the distance, d, (distance
between the zeroth and the first order diffraction line)
was derived. The change of distance d associated with the
sarocmere length change was governed by equation (3.2). We
could determine the sarcomere length change in any time by
measuring the time function of distance d.
A photomultiplier tube was used to measure the change
of distance, d, during the latency period. The tube. was
put inside a closed cylindrical shell. A slit (4 mm X 30
mm) was made right in front of the light sensitive region
of the photomultiplier tube on the cylindrical shell. The
shell was placed such that the slit was parallel to the
diffraction line and the center of the slit is on the
meridional plane (the plane contains the laser beam and
the muscle fiber). It could be adjusted to move along the
line in meridional axis (the line in meridional plane and
parallel to fiber axis).
Since the lengthening of sarcomere during the-
latency period was very samll, the distance, d, would
change only a little. By increasing the distance between
the shell and the fiber, the width of diffraction line and
the change of d would be magnified. The distance between
the shell and the fiber was 4.7 m in the experiment and
the width of the first order diffraction- line in this
distance was about 5 cm. The diffraction sub-lines, fine
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structures within the diffraction line could be found
(Fig. 3.3).
To measure the change of distance, d, the
photomultiplier shell was moved outward from central
maxima until the position in where the overlap of the
edges of the slit and the first order diffraction fine
structure had just occurred. The chosen diffraction fine
structure should be very sharp and aligned in parallel to
the slit. When the latency elongation happened, the
shift of the fine structure made the overlapping area of
the slit and the fine structure and hence the output of
photomultiplier rose. By calibrating the output of
photomultiplier along the meridional axis,. the change of
distance, d, at any instant of latency period could be
found. Thus the latency elongation of sarcomere could be
calculated by equation (3.2).
3.2.6 Record Apparatus
The signals from photomultiplier and force
transducer were fed into a dual channel storage
oscillocope (Hitachi mode VC 6015). The result was
displayed and recorded photographically.
3.2.7 Experimental Procedure
The single fiber was suspended between the
transducer and a fixed hook in a Perspex trough. It was
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Fig. 3.3 Diffraction fine structures exist in the first order
diffraction line.
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illuminated normally by a helium-neon laser. The
diffraction pattern was project on the wall. The sarcomere
length, indicated by the marks of the wall, was adjusted
to a certain value by the movable hook in the trough. An
electric pulse was imposed on the fiber through the
platinum electrodes and the latency elongation and
relaxation were measured by the photomultiplier and force
transducer respectively as discussed in previous section.
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3.3 Results
3.3.1 Calibration of the Intensity along the Meridional
Axis
The intensity of the diffraction fine structure
varied-along the meridional axis had to be measured before
the muscle fiber was stimulated in order to determine the
depth of the latency elongation. Since the shift of the
diffraction fine structure corresponded to the elongation
was very small, the intensity variation within a short
interval in the meridional axis should be measured. But
the smallest sliding interval that the slit could be
adjusted precisely was 0.16 mm which was still greater
than the moving of the fine structure during the latency
period. When the edge of the slit of the pho tomul tipl ier
touched. a selected diffraction fine structure, the light
intensity was measured alone the meridional axis every
0.16 mm intervals. The interval with maximum increment in
intensity was chosen in the experiment and the variation
of the intensity along this interval was assumed to be
linear. The intensity changed between the initial and the
final position of the interval was about 15%-20%.
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3.3.2 Latency Relaxation and Elongation of the Muscle
Fiber
The result of latency relaxation and elongation of
an isolated fiber was shown on the Fig 3.4. The sarcomere
length of the fiber was 3.3 um. The tension of the fiber
remianed unchanged in the first 3 ms and then began to
drop to the minimum at 3.5 ms. At 5.5 ms, the tension
returned to the original value. The feature in sarcomere
lengthening was similar to the one in tension drop. The
sarcomere length began to increase at 2.5 ms after
stimulation and reached the maximum at 4 ms. The depth of
tension drop and sarcomere lengthening were 4 uN and
2.6 nm respectively.
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time (ms)
Fig. 3.4 Simultaneous recordings of latency relaxation (lower
trace ;depth= 4uN) and sarcomere length changes
(upper trace; depth= 0.26 nm).
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3.4 Discussion & Conclusion
It is popular to use the diffraction pattern. of a
.striated muscle in monitorung the sarcomere length change
in the study of muscle. The length change can be
determined by the amount the diffraction line shifted.
However, this diffraction method is not applicable to
register the small lengthening during the latency
elongation. When the fiber is stimulated, the asychronous
lengthening of the myofibrils make the location of
diffraction line very difficult to be determined and the
uncertainty in location of diffraction line is much
greater than the shifting of diffraction line due to the
latency elongation. The method we discussed in determining
the latency elongation is to measure the shifting of the
diffraction fine structure instead of the whole
diffraction line.
Since the depth of latency elongation' is very small,,
the diffraction fine structure we chose should be very
sharp. If the fine structure is not sharp enough, the
intensity change measured by the photomultiplier before
and after the shifting of the fine structure will be
small. Consequently, it would lead to greater errors in
.the measurement.
on the other hand, a sharp diffraction fine structure
will increase the accuracy in determining the depth of
elongation., As mention in Results, there exist an
uncertainty I in measurement of light intensity by the
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photomultiplier, if the l is comparable with the
intensity change within the calibration interval I, the
error of the depth will be great. By choosing a sharp fine
structure, the l is increased and hence the uncertainty
of the depth of elongation is reduced.
The result of latency elongation and relaxation
measured by the method in this chapter is agree with the
one obtained by P. Haugen & 0. Sten. Knudsen (1976). They
used a prism to split the first order diffraction line
into two equal portions and fed them into two photo-
diodes. By measuring the voltage difference between. the
photo-diodes after stimulation, the latency elongation of
the fiber was measured. Comparing the two method, the
method in this chapter is more simpler and reliable.
in conclusion, our method can only measure a small
scale change of sarcomere length of muscle fiber. Because
the diffraction fine structure will not preserve its
shape, if the change in sarcomere length is large.
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Chapter 4
Experimental Studies on the Circular Dichroism of the
Resting Muscle Fiber
4.1 introduction
Circular dichroism is an absorption phenomenon. It is
related to the difference between the difference in
absorption of the left- and right-hand circular light by a
given medium.
Consider a plane polarized light with an electric
field vector oscillating sinusoidally along the y-axis and
propagate along the z-axis, then ER and EL are two
rotating vectors into which E can be resolved (Fig. 4.1).
When the plane-polarized light of proper wave-length
travel through an optically active material, not only will
the vector ER and EL rotate at different speeds i.e.,
exhibits circular birefringence, but they will be
differentially absorbed. Thus the length of the vector ER
will no longer equal to the EL, and their resultant no
longer oscillates along the circumference of a circle.
Figure 4.2 illustrates this for a substance which absorbs
the left circularly polarized ray EL more strongly than
the right ER in Fig. 4.2, the head of the resultant
vector E now traces out an ellipse, the resulting light is
said to elliptically polarized, and the material said to
exhibit circular dichroism.
in general, the circular dichroism of a material
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Fig. 4.1 A linear polarized light E is splitted into two
opposite circular polarized light ER an EL.
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Fig. 4.2 The elliptical polarized light is resulted after the
plane polarized light passes through the medium which
have different absorption in ER and EL.
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is specified by the angle 0, which is the tangent of
the angle of ellipticity of the resulting elliptically
polarized light. In our discussion, the circular dichroism
of the muscle fiber is specified by, which is the
difference of normalized intensities of diffracted light
with left- and right-hand polarization.
In this chapter, the theory and measurement of the
circular dichroism of the resting muscle fiber is
presented. In order to eliminate the effect of the light
diffracted from the irregular structures of the fiber, the
transmitted light is mesaured at the first order
diffraction angle at which only the light diffracted from
the regular structure of the muscle is measured.
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4.2 Theory
The circular dichroism of the muscle fiber measured at
first order diffraction angle is defined as
(4.1)
where IL and IR are the first order diffraction
intensities of ligth with left and right circular
polarization, respectively.
The method of high-frequency polarization modulation
is employed to measured the o(. A beam of linearly
polarized light propagates along the z-axis with its
polarization axis parallel to the x-axis. The muscle lies
on the x-axis. A photo-elastic modulator is placed on the
x-y plane between the light source and the muscle fiber.
The optical axis of the modulator makes an angle 450 with
the x-axis (Fig 4.3). Then, the electric field of the
incident light is decomposed into two components, one
parallel and the other perpendicular to the optical axis
of the modulator,
(4.2)
After the laser beam has passed through the
modulator, the modulator introduce a phase difference
between the electric fields parallel and perpendicular to
its optical axis. The phase difference is proportional to
Fig. 4.3
schematic diagram of the electronic system for the circular
dichroism measurement of the first order diffraction, F is the
muscle fiber, L the He-Ne laser, M the photoelastic modulator,
PM the photomultiplier, LI and L2 are the power supply of the
photoelastic modulator and the photomultiplier, La the lock-in
amplifier and s the slow response voltmeter.
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the strain of the piezo-electric quartz in the modulator.
The strain is made of oscillate by an external sinusoidal
field on the quartz modulator. Thus, the electric field of
the light beam after propagating through the modulator is
4.3
where sin wt
A linear polarized light cna be synthesized with two
oppositely circular polarized light of equal magnitude.
Thus, the electric field in equation (4.3) can be
rewritten as
4.4
where and are the right and left circular
polarized light with unit magnitude. Assume the lectric
field scattered by the muscle fiber is proportional to the
incident field and the polarization of light before and
after scattered by the muscle remains unchanged. Then the
electric field in Y-axis after passing through the fiber
is
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where tL and tR are the sacttering coefficent
corresponding to the left and right circular polarization
respectively. When observed at diffraction angle the
electric field intensity is
where and
The intensity is proportional to the square of electric
field. The scattered intensity (Is) in diffraction angle
can be edpressed as
where C is a constant and
4.5
The expression of in (4.5) is equivalent to the one
in equation 4.1 We can epress the Sin and Cos in
terms of Bessel' s function :
Sin Sin Wt sin wt sin 3wt
Cos Sin wt Cos 2wt
Cos 4wt
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where Jk is the kth orde Bessel function. If the
modulation amplitude is set to 2.4048, the time
independent term in cos will diminish, hence the
average value of sin and cos will be zero. Then the
average intensity detected at diffraction angle is
The, the equation 4.4 becomes
sin wt
The scattered light intensity is fed into a slow
rresponse device and a phase-sensitive detector .The phase-
sensitive detector is set to measure the signal at
frequency is equal to the modulating frequency of the
photoelastic modulator only. The output of the slow
response detector is the average intensity<I> and the
output of phase-sensitive detector is proportional to the
produce of average intensity and the circular dichroism of
the muscle fiber consequently, the ratio of the
output of the slow response and phase-sensitive detector
is proportional to the The proportional constant can
be determined by measuring the circular dichroism of a
quarter wave plate and a linear polarizer
A quarter-wave plate and a linear polarizer are
placed on the x-y plane. The angle between the opticlal
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axis of quarter-wave plate and x-axis is and the angle
between the optical axis of quarter wave plate and the
transmission axis of the polarizer is (Fig 4.4). After
the modulated laser beam, (eqn. 4.2), passing through the
quarter wave plate and then the polarizer, the
transmission intensity is
4.6
By setting the equation (4.6) can be
simplified as
In this case, te circular dichroism of the quarter
wave plate and the linear polarizer is equal to 1. The
constant of measuring system, K, cne be determined by
measuring the ratio of the output of the slow response
detector and the phase sensitive detector. The circular
dichroism of the muscle fiber is equal to K times the
the output of the phase-sensitive detector and divided by





Fig. 4.4 The arrangement of the quarter wave plate and the linear
polarizer, in determining the proportional constant of
the measuring system. Al is the fast axis of the quarter




4.3 Materials and Method
The muscle fiber used in the .,experiment was also
isolated from the semitendinosus muscle of frog (Rana
tigirna regulosa). The dissection procedure was the same
as discussed in previous chapter. The fiber was fixed
horizontally in a Perspex chamber filled with Ringer's
solution. The fiber length could be adjusted by two
special screw in the chamber.
The experimental set up was shown in Fig. 4.5. The
Helium-Neon laser (Spectra-physics, Model 120, 6 mW)- was
mounted on an optical bench horizontally. The laser beam
(about 2 mm in diammeter) first passed through a linear
polarizer and then a photo-elastic modulator (Hinds,,. PEM-
3). The pol ar i z er was used to control the intensity of the
incident beam. After passing through the' two components,
the beam was reflected vertically upward by a mirror. The
vertical beam could then illuminate the middle portion of
the fiber. The diffraction pattern was projected onto a
calibrated screen placed 70 cm above the fiber. A photo-
multiplier was mounted on a rotatable arm. The rotation
center was at the point where the fiber was illuminated,
such that the distance between the photomultiplier and the
illuminated section of muscle was always equal. A
cylindrical len was placed in front of the photo-
multiplier to converge the diffraction line to enter the
photo-multiplier. The rotation of the arm was driven by a







Fig. 4.5 Schematic diagram of the set-up. L is the He-Ne laser, M
the mirror, F the muscle fiber, RA the rotating arm and
p the photomul tiplier.
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left and right first order diffraction lines.
The diffraction from the muscle fiber was detected by
the photomultiplier. The output of the photomultiplier was
fed into a digital voltmeter and a lock-in amplifier
(Princeton Applied Research, Model 126). The reference
channel of the lock-in amplifier was externally driven by
the photo-elastic modulator. The driving frequency was the
same as the modulation frequency. The output of the lock-
in ampifier was measuresd by a digital voltmeter and a x-y
recorder. The circular dichroism of the muscle fiber was
proportional to the ratio of the two digital voltmeter's
reading. The proportional constant could be determined by
measuring the circular dichroism of a quarter wave plate
and a linear polarizer( the angle between the optical
axis of the quarter wave plate and the transmission aixs
of the linear polarizer is 450).
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4.4 Results
The ccircular dichroism of a small fiber budle (about
4 to 6 fibers) could be determined by measuring the
quantities and
(a) vs :
It is the output from photomultiplier measured by
a slow response recorder in the experiment. The Fig. 4.6a
was the VS measured by a chart recorder about 5 min. It
showed no appreciable change with time.
(b) Vw :
The output voltage from photomultiplier measured by measured by the
lock-in amplifier. The frequency the amplifier operated at
was exactly equal to the modulatig frequency of the
photoelastic modulator. The Fig. 4.6b was the Vw measured
by a chart recorder about 5 min, the Vw flucturated about a
mean value with standard deviaton about 5 %
(c) K :
The constant of the measuring system. It was the ratio of
light intensities Vs and Vw after travelling through a
quarter-wave plate plus a linear polarizer ( see Theory).
It was found that the K remaind nearly unchanged before
and after the experiment.
avs
t
The output of the pho tomul tipl i er measured by (a) slow




4.4.1 The Circular Dichroism of Ringer's solution
Five measurements of the of Ringer's solution had
been done. The mean value of was 0.0053 and the
standard deviation was about 3%.
4.4.2 The Circular Dichroism for Various Illuminated
Sections of a Muscle Fiber.
In this part, the circular dichroism of the muscle
fiber at 8 different illuminated sections of a fiber were
measured. The sarcomere length was set at 2.5 um.. The
mean value of the circular dichroism was 0.009 and the
standard deviation was 30.4%.
4.4.3 The Circular Dichroism at various Sarcomere Lengths
The circular dichroism of two fiber bundles was
measured at left and right first order diffraction angle
for sarcomere length varied from 2.3 um to 3.5 um. The
illuminated section of the fiber bundle was the same
during the measurement. The results are shown in the Fig.
4.7a and b. Those curves showed no regular relation to the
sarcomere length. The curves in Fig. 4.7a fluctuate. in the
range 0.003 to 0.014 and the curves in Fig. 4.7b,fluctuate











Fig. 4.7 The circular dichroism of two fiber bundles (a
and b) measured at left (dots) and right (circles)












4.4 Discussion and Conclusion
The circular dichroism has long been recogonized as a
sensitive probe of the structural change in solids and
biological molecules. In this chapter, the circular
dichroism of the resting fiber bundle has been
investigated. The technique used is the modulation of
polarization of an analyzing beam. Two points about the
circular dichroism of the resting- muscle can be concluded
by the results of experiment:
(1) When the circular dichroism is measured along the
resting fiber. The result has a great variation for
various illuminated sections of fiber. It may be
inferred that there exist a structural difference
between the illuminated sections (for example, the
size of the sarcomere lengths or the connecting
tissue on the surface of the fiber) even the
sarcomere length is constant and the circular
dichroism is very sensitive to those differences.
(2) When the circular dichroism is measured for the two
fiber bundles set at various sarcomere lengths, the
variation in circular dichroism is within the range
of fluctuation which is due to the difference
illuminated section of fiber. We may conclude that
the circular dichroism of the fiber is insensitive to
the change of the sarcomere length and is masked by
the effect of different illuminated sections of
fiber. Since the illuminated section is no longer the
88
same after the sarcomere length -is increased or
riecreased passively.
in this chapter, the circular aicnrcl.-jui i. .76.UUlGU
only in the resting muscle fiber. In fact, the technique
can also be applied to the contracting muscle. If the
circular dichroism of muscle is measured in the latency
period or the contracting period,, the behavior of calcium
ions movement or crossbridge motion may be reflected on
the change of circular dichroism.
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